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Please note that technical editing may introduce minor changes to the text and/or graphics, which may alter content. The journal's standard Terms & Conditions and the Ethical guidelines still apply. In no event shall the Royal Society of Chemistry be held responsible for any errors or omissions in this Accepted Manuscript or any consequences arising from the use of any information it contains.
Accepted Manuscript Nanoscale www.rsc.org/nanoscale
Introduction:
Cell imaging at high spatial resolution is important for understanding biological function, [1] [2] [3] [4] and the development of sensitive, high-resolution imaging techniques is at the forefront of biomedical research. [5] [6] [7] [8] [9] [10] [11] [12] Typically imaging in cells is done either using fluorescent tags [1] [2] [3] [4] or with metal nanoparticles that efficiently scatter light. [13] [14] [15] [16] However, techniques based on fluorescence or light scattering do not work well in the near-IR, which is an important spectral region for in vivo experiments. [17] [18] [19] This is because of the poor sensitivity of CCD and PMT detectors in the near-IR region, and the typical low quantum yields of near-IR emitting dyes. 20, 21 In contrast, imaging techniques that detect nanoparticles through their absorption or extinction, such as photothermal heterodyne imaging (PHI) [22] [23] [24] [25] [26] and spatial modulation spectroscopy (SMS), 27, 28 do not rely on high sensitivity detectors. These techniques can be readily used to study nanomaterials that absorb in the near-IR region. [29] [30] [31] [32] In addition to improved near-IR sensitivity, absorption measurements perform better for small nanoscale objects compared to scattering measurements because of the way scattering scales with volume. 22, 33 Of these two techniques, PHI is the more sensitive. 25 However, SMS has an advantage in that it directly provides quantitative information about the extinction cross-section of the nanoparticle. For metal nanoparticles this allows the size of the particle to be determined, which is very useful for spectroscopic studies. 34, 35 A class of near-IR absorbing materials that has recently gained considerable attention for photothermal therapy applications are dye-doped hybrid lipid-polymer nanoparticles (LPNPs). [36] [37] [38] [39] [40] [41] [42] These materials comprise a polymeric core coated with a layer of phospholipid, with a suitable organic dye incorporated into the hydrophobic core. In our experiments the core is doped with a croconaine dye, and we have shown that croconaine-doped LPNPs have a similar absorption
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Nanoscale Accepted Manuscript cross-section in the near-IR to the gold nanostructures that are typically used in photothermal therapy. [42] [43] [44] [45] Their intense near-IR absorption, low fluorescence quantum yield, and resistance to photobleaching combine to make croconaine dyes a promising system for efficient photothermal treatment of cancer cells. 46, 47 An important step in advancing the use of dye-doped organic nanoparticles for photothermal therapy is to optimize the dye loading and intracellular delivery.
However, the lack of fluorescence from the dyes makes it very difficult to image these particles in biological environments. A possible solution to this problem is to co-dope the particles with two different dyes: one to supply the photothermal effect and another that allows fluorescence imaging. However, this type of dual modality is difficult to achieve for systems designed for in vivo imaging, as emission is typically quenched for a deep-red fluorescent dye molecule in close proximity to a non-fluorescent near-IR absorbing partner.
In this paper SMS has been used to determine the extinction cross-sections of individual croconaine-doped LPNPs, which allows us to estimate the number of dye molecules inside each particle -a parameter that is difficult to determine using conventional techniques. This approach is similar to that used in the recent PHI studies of dye nanoparticles described by Gaiduk and coworkers. 48 However, our measurements do not rely on the use of an internal standard to calibrate the signal (e.g., 20 nm gold particles were used in reference 48 ). SMS was also used to image dye-doped LPNPs that were taken up by living cancer cells. The images reveal the intracellular location of the particles and the number of dye molecules incorporated into the cells. 49, 50 The results establish SMS as a promising technique for direct and quantitative characterization of non-fluorescent organic nanoparticles inside cells.
Results and Discussion:
SMS images of croconaine-doped LPNPs, spin coated onto a microscope coverslip, are presented in Figure 1 . In SMS the sample is spatially modulated by a few hundred nanometers. 27 This causes a modulation in the transmitted or reflected power of a focused laser beam when it is scanned over a particle, which is monitored a lock-in amplifier. The signal has a derivative-type lineshape for detection at the fundamental of the modulation frequency, 27 which is clearly seen in This also shows that isolated croconaine-doped LPNPs do not significantly scatter light in these measurements, as scattering should be more pronounced at 637 nm than at 785 nm. This is expected as TEM images show that the LPNPs are smaller than several hundred nanometers (see the Supplementary Information), and therefore should not scatter light strongly. 
where ! is the laser spot size at the sample, δ is the modulation amplitude and ! is the extinction cross-section of the nano-object. Equation (1) is strictly only applicable to particles much smaller than the laser spot size, 51 which is fulfilled for the isolated particles in Figure 1 .
Given values of ! = 900 nm and δ = 500 nm, fitting the experimental data to Equation (1) provides the extinction cross-section of the particle. The accuracy in these measurements is estimated to be 8%, mostly due to the uncertainty in the laser spot size (± 15 nm).
The minimum particle size that can be detected in the SMS measurements is determined by the background noise, which arises from several sources. This is opposite to what we expect based on the absorption spectrum of the dye loaded particles, and is consistent with the feature arising from scattering (the scattering cross-section increases with decreasing wavelength). Noise in the laser source also creates a background signal. This noise can be reduced by increasing the averaging time in the experiments, or by using a balanced detector. 32 A third source of noise that can arise in SMS experiments implemented with GSMs is a background signal from clipping the beam. 51, 52 Analysis of our images yields a sensitivity of 800 nm 2 for the experiments on the samples spin coated onto glass coverslips (such as in Figure   1 ), and 1000 nm 2 for experiments in cells (see Figure 2 below). In both cases the major contribution to the noise is from refractive index inhomogeneities in the sample. For the croconaine-doped LPNPs, the total extinction cross-section can be used to estimate the number of croconaine molecules per particle (assuming that scattering is not significant at 785 nm) by simply dividing by the extinction cross-section for a single croconaine dye. 48 Croconanine dye in solution has a molar absorptivity of 2.7x10 5 M -1 cm -1 at the absorption maximum. 47 This corresponds to an extinction cross-section of 0.10 nm 2 at 785 nm (which is slightly to the blue of the absorption maximum). However, the dye is strongly aggregated when it is incorporated into the LPNPs, which broadens the spectrum. [53] [54] [55] This can be clearly seen in the spectra presented in Figure 4 below. The assignment that the broadening is due to aggregation was confirmed by adding the LPNPs to DMSO, which released the dye and eliminated the aggregation band. To obtain the extinction cross-section of the aggregated dye, we normalized the absorption spectra by their area, and multiplied the cross-section for the free dye by the ratio of the absorbances for the free dye and dye incorporated into the LPNPs at 785 nm.
This yields an extinction cross-section for the LPNP dye of 0.028 nm 2 . The average extinction cross-section for the croconaine-doped particles is 7040 ± 560 nm 2 , with a standard deviation of 39%, which implies that the average number of dye molecules per particle is 250,000 ± 20,000.
Note that this analysis assumes that the degree of dye aggregation is similar for different nanoparticles, and that scattering contributions to the extinction can be neglected (this second assumption is supported by the data in Figure 1 ). Determining the average number of dye molecules per particle by conventional measurements is not a trivial problem for this system, because the number of LPNPs is not known.
Cell imaging studies examined the uptake of croconaine-doped LPNPs after incubation . The average extinction cross-section per particle is 13,800 ± 1,100 nm 2 for the cell experiments, which is significantly larger than that for the particles that were spin coated onto a glass substrate (7,040 nm 2 ). The inset in Figure 3(A) shows the crosssection histogram on the same x-axis scale as the data in Figure 1(F) . Comparing the two distributions shows that 81% of the particles spin coated onto the coverslip have cross-sections < 10x10 3 nm 2 , whereas, for the cell experiments only 45% of the nano-objects detected have crosssections < 10x10 3 nm 2 .
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Nanoscale Accepted Manuscript These observations are not surprising since non-targeted nanoparticles of this size are known to be taken up by non-specific endocytosis. 57 However, the standard deviation of 28% indicates considerable variation between cells. This variability in dye loading has important consequences for photothermal therapy since the cells will be heated to different degrees. The amount of heating is a critical factor that determines the cell death pathway, [58] [59] [60] [61] There have been several recent reports of organic nanoparticles doped with nonfluorescent near-IR dyes for photothermal therapy. [36] [37] [38] [39] [40] [41] [42] The SMS experiments described here provide a way to quantitatively image these materials, which is important for optimizing conditions for effective nanoparticle targeting. This type of quantification is not possible with fluorescence based measurements, and is only possible in Rayleigh scattering experiments in the sense that scattering allows one to count the number of particles. 13, 62 A drawback of the SMS method is that it is sensitive to refractive index variations in the sample, which limits the detection sensitivity. A possible solution to this is to combine the SMS experiments with PHI and develop a quantitative imaging instrument that is sensitive only to absorption. However, it is likely that most types of nanoparticle delivery optimization experiments do not require high sensitivity, so that the SMS experiments described above will suffice.
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Conclusions
SMS has been used to analyze LPNPs doped with near-IR absorbing non-fluorescent croconaine dye molecules. The extinction cross-section for an average croconaine-doped LPNP was determined to be 7,040 ± 560 nm 2 , which corresponds to an average number of 250,000 ± 20,000 croconaine molecules per particle. Images of cancer cells incubated with the croconainedoped LPNPs provided quantitative information about the number of dye molecules incorporated into the cells, and also showed evidence for particle clustering within endosomes. These results demonstrate that absorption-based microscopy is a promising method for quantitative analysis of dye-doped nanoparticles inside cells. 46 Knowledge of dye loading and intracellular nanoparticle location should facilitate future studies to optimize the photothermal effect. 62 There is emerging literature evidence that nanoparticle targeting to specific cell locations such as the mitochondria leads to enhanced cell death. 63 For the SMS experiments the beam position at the sample was modulated using the GSMs. 51, 52 This creates a modulation in transmitted power ∆ when a nano-object is at the focus of the microscope, which is measured by a lock-in amplifier (Stanford Research Instruments, SR830). The total transmitted power is measured simultaneously using a digital voltmeter (Keithley, 2000 Multimeter). The typical modulation amplitude used in our experiments was 500 nm. The deflection distance for the GSMs was calibrated using a ruled microscope slide (Edmund Optics, 200 LPMM). The accuracy of the SMS measurements was checked by recording data for Au nanoparticles (see the Supplementary Information). The Au nanoparticle size distribution determined by SMS was found to be equivalent to that measured by TEM, implying that the system was properly calibrated. SMS images were obtained by either raster scanning the sample through the laser spot using a piezo-stage (Physik Instrumente), or by scanning the beam over the sample using the GSMs. Typically, a lock-in time constant of 10 ms was used with a 30 ms integration time between steps, and a step size of 0.1 or 0.2 µm. The power impinging on the sample was controlled via a variable neutral density filter (ThorLabs, NDC-50C-2M). The spot size in the experiments was measured both by the CMOS camera and by fitting the SMS signal to Equation (1), and was found to be w 0 = 900 nm. This value is relatively large considering the NA of the focusing objective, and arises because we did not use microscope immersion oil for these experiments.
Nanoparticle Preparation
The dye-loaded lipid polymer nanoparticles (LPNPs) were synthesized using an established procedure. minutes and transferred to an Eppendorf tube followed by fixation with 10% formalin in PBS for 10 minutes. The cell suspension was centrifuged (3000 rpm, 10 min) to form a pellet, washed twice, and resuspended in 500 µL MilliQ water. A drop of the suspension was allowed to dry for one hour at room temperature on #1 glass coverslips for imaging.
